INTRODUCTION
Placental growth factor (PlGF) is an increasingly important player in the clinical management of pre-eclampsia. This review outlines the role of PlGF in human physiology but focuses specifically on the current understanding of PlGF's function in normal and pathological placental development. The differences in peripheral concentrations of PlGF between normal and pre-eclamptic pregnancy are highlighted and utility of PlGF as a predictive or diagnostic test for pre-eclampsia is discussed. Finally, the possibility of PlGF as treatment for pre-eclampsia is considered.
PLGF
Placental growth factor is a member of the vascular endothelial growth factor (VEGF) family and is predominantly expressed in the placenta, although it is also expressed at low levels in many other tissues, including the heart, lung, thyroid, liver, skeletal muscle and bone. The human PlGF gene is located on chromosome 14q14 and encodes 4 isoforms of PlGF. The protein is secreted as a glycosylated homodimer and PlGF-1 and -3 are diffusible isoforms whereas PlGF-2 and PlGF-4 have heparin binding domains. Of these, PlGF-1 and -2 are the most abundant forms, and during pregnancy they are secreted in a strongly correlated manner, indicating a common regulation mechanism. The presence of a heparin binding domain suggests that PlGF-2 and -4 remain cell membrane-associated and act in an autocrine fashion, while the diffusible forms of PlGF probably affect targets in a paracrine manner. Mice produce only the PlGF-2 variant. Placental growth factor binds to VEGFR-1 (vascular endothelial growth factor-1 receptor-1) or FLT-1 (fms-related tyrosine kinase-1) and its soluble variant sFLT-1 (soluble fms-like tyrosine kinase-1), but not VEGFR-2 (vascular endothelial growth factor receptor-2), also known as KDR (kinase insert domain receptor) or FLK-1 (foetal liver kinase-1) (Figure 1 ). It also binds to neuropilin receptor-1 (NP-1) and -2 present in neurons. NP-1 has also recently been identified in placenta but its role is yet to be elucidated. 1 
PLGF AND ANGIOGENESIS
Angiogenesis is a vital process for embryonic development and growth is regulated by a complex interplay of a multitude of factors, including the VEGF family. New blood vessels form by remodelling of existing vasculature with sprouting of new branches followed by non-branching angiogenesis-elongation and enlargement. In human adult life, angiogenesis occurs predominantly in the endometrium during the menstrual cycle, in wound healing and as an adaptive process in the myocardium and skeletal muscle. Placental growth factor is pro-angiogenic as it enhances the activity of VEGF by competitively binding to the VEGFR-1 receptor, allowing VEGF to bind then to VEGFR-2 which has stronger tyrosine kinase activity. However, PlGF also exerts it's affect through other mechanisms such as intermolecular transphosphorylation of VEGFR-2 following activation of VEGFR-1, which amplifies VEGFR-2 response to VEGF binding. Additionally, PlGF forms a heterodimer with VEGF, which may have either proor anti-angiogenic effects.
The main role of PlGF in tissues other than the placenta is angiogenesis in response to pathological ischaemia or injury. Knockout mice (PlGF −/− ) have impaired angiogenesis and arteriogenesis during pathological conditions such as heart, limb and ocular ischaemia. Physiological exercise induced ischaemia in skeletal and cardiac muscle does not stimulate PlGF production but PlGF is upregulated in pathological conditions such as coronary artery disease. Accordingly, PlGF expression is upregulated by hypoxia in non-trophoblast cells. 2 In contrast, transcriptional activity of PlGF in trophoblast is suppressed by hypoxia 3 and increased by a normoxic environment pointing to a specific regulatory mechanism and function in these cells.
In tumour cells, PlGF expression is part of the angiogenic switch that supports tumour vascularisation. In most cancers (solid and haematological), there is a positive correlation between cancer severity and PlGF expression and protein levels, with an inverse relationship between PlGF and survival. The role of PlGF is context dependent, varying according to tumour type and stage and consequently tumour reduction with PlGF inhibition has not been demonstrated consistently. For example, overexpression of PlGF can decrease rather than increase angiogenesis as formation of VEGF/PLGF heterodimers are less pro-angiogenic than VEGF homodimers 4 and, in another study, blockade of PlGF seemed to improve the tumour vasculature quality. 5 The specific expression of PlGF in diseased tissues presents itself as a good opportunity for targeted therapy. A phase 1 study of an antiPlGF monoclonal antibody in combination with anti-VEGF antibody bevacizumab in patients with recurrent glioblastoma multiforme did not show improved survival. 6 Two further studies have been conducted in patients with hepatocellular carcinoma and metastatic colorectal or ovarian cancer but results have not been reported.
PLGF IN REPRODUCTION
The role of PlGF in reproduction is still being understood. PlGF is thought to be redundant in reproduction as PlGF knockout mice are fertile and pups have similar growth potential compared to wild type mice. However, endometrial tissue during the secretory phase of the human menstrual cycle has been shown to secrete PlGF. 7 The presence of PlGF during this window supports a role of PlGF in influencing embryo implantation, but this has yet to be further characterised. Although PLGF knockout mice appear normal, differences in foetal and adult brain development 8 have recently been demonstrated. The preliminary data in the children of pre-eclamptic women suggest subtle differences in brain vascular development, which is thought to be related to intrauterine events. 9 Therefore, while PlGF may not be essential to reproduction it is still likely to be an important influence on pregnancy and vascular development.
THE ROLE OF PLGF IN PLACENTAL DEVELOPMENT
Circulating PlGF is prominently elevated in pregnancy with the source being the placenta. The function of PlGF in the placenta is likely to be in the promotion of development and maturation of the placental vascular system. Implantation sites of PlGF knockout mice show abnormal placental vasculature. 10 There is decreased branching in the antimesometrial (feto-placental) vessels and increased lacunarity, indicating a lack of uniformity of vessel formation. Uteroplacental vessels also display decreased branching, but decidual invasion is not influenced. Mouse uterine lymphatic vessels are also abnormally developed. In human placenta, expression of PlGF corresponds with different stages in placental development with non-branching angiogenesis of the feto-placental circulation and maturation of the utero-placental circulation coinciding with increased expression of PlGF in later gestation. Evidently, development of the placental circulation is influenced by PlGF even though the absence of this angiogenic factor does not result in death in offspring of knockout mice. In contrast, a mouse knockin with PlGF expressed in T cells showed decreased angiogenesis in offspring, 11 suggesting that, analogous to the variable role of PlGF in a tumour life cycle, the effect of PlGF in pregnancy is situation specific.
When postulating possible effects in human pregnancy from the findings in rodent studies, differences in placental physiology between species must be noted. Although abnormal implantation evident in PlGF knockout mice may not lead to embryonic or foetal death, the consequences of aberrant placental development may not be readily apparent in mice. Unlike human pregnancy, mouse placenta does not invade into the myometrium and endovascular invasion is limited. Consequently, abnormal spiral artery remodelling in mice does not lead to placental insufficiency or abnormal blood pressure regulation. 12 Processes in human placenta development may be more extensively mediated by PlGF.
Placental expression of PlGF dominates from the second trimester when the utero-placental circulation is advancing, with myometrial spiral arteries remodelling in a 'second wave' of invasion beginning at 16-18 weeks' gestation. However, there have been conflicting reports as to whether PlGF contributes to trophoblast invasion. 13, 14 Trophoblast develop invasive characteristics in response to increased oxygen tension and PlGF expression also increases with improved placental oxygenation, but it is uncertain whether these two events have a directly linked regulatory mechanism. Differentiation of uterine natural killer cells is influenced by PlGF 15 and these cells may in turn mediate trophoblast invasion into the decidua.
PlGF increases proliferation of trophoblast cells. It also reduces apoptosis of trophoblast cells 16 when these cells are starved, but not when they are exposed to inflammatory cytokines. 17 This may manifest as increased circulating trophoblast debris found in cases of pre-eclampsia (where there is often PlGF deficiency), but the exact role of PlGF mediated reduction of apoptosis in placental development is not clear.
PLGF LEVELS IN NORMAL PREGNANCY
Concentrations of PlGF are low in the first trimester of an uncomplicated pregnancy and increases from week 11 to 12 onwards to a peak at week 30, after which it decreases (Figure 2 ). This is in contrast with sFLT-1, which increases towards the completion of pregnancy. This normal divergence of angiogenic factors levels occurs as the bioavailability of PlGF is reduced by binding to sFLT-1. Normal PlGF concentrations are dependent on gestational age, with the lower limit of normal (defined as the 5th centile) ranging from a peak of approximately 141 pg ml − 1 at around 30 weeks gestation to 23 pg ml − 1 at term.
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PLGF IN PRE-ECLAMPSIA Serum and urinary PlGF is found to be decreased in women both at the time of diagnosis with pre-eclampsia and well in advance of syndrome onset. The deficiency in PlGF is likely due to a combination of decreased expression of PlGF and reduced free PlGF due to binding with sFLT-1, which is elevated in affected women. 19 In early pregnancy, PlGF concentrations are lower in women who subsequently develop preclampsia than in normal pregnant women, but sFLT-1 levels are no different, suggesting that PlGF expression in the placenta is decreased. However, towards completion of pregnancy, there is a reciprocal relationship between sFLT-1 and PlGF with rising levels of total (free and bound to VEGF or PlGF) sFLT-1 and lower free PlGF levels. 20 This suggests that in the latter half of pregnancy, low PlGF concentrations occur predominantly due to sequestering of PlGF by sFLT-1.
Low circulating PlGF is probably both a consequence of abnormal early events in placentation and a contributing factor to continued abnormal growth during the latter half of pregnancy. The hypothesis that PlGF is an indicator of abnormal placentation is supported by the observation that women without preeclampsia who give birth to small for gestational age babies also have low PlGF early in pregnancy. 21 The data regarding the expression of PlGF in placental tissue is conflicting. Expression of PlGF is postulated to be lowered due to suppression by persistent placental hypoxia resulting from an underdeveloped uteroplacental circulation. However, studies have also shown increased 3 or no change in PlGF expression 22 in pre-eclamptic placental tissue. Regulation of PlGF expression is unclear, but several mechanisms have been explored such as endoplasmic reticulum stress and epigenetic changes altering the effect of the transcription factor hypoxia-inducible factor-1α (HIF1-α), although the role of HIF1-α in trophoblast growth is debated. 2, 23, 24 Inflammation may also influence PlGF expression as PlGF concentrations are elevated in sepsis.
PLGF FOR THE PREDICTION AND DIAGNOSIS OF PRE-ECLAMPSIA
Despite intense research efforts, the diagnosis and management pre-eclampsia has remained unchanged for decades. Recognition of the differences in circulating angiogenic factor levels between pre-eclamptic and normal pregnancies has resulted in investigation into whether these factors can identify women who require close monitoring. Once the diagnosis of pre-eclampsia is made, only delivery of the placenta can alleviate the condition.
In women who will develop pre-eclampsia, PlGF is low in the first trimester, well before the disease clinically manifests. Despite the differences between groups, single angiogenic factors are not useful for prediction 25 with PlGF having a sensitivity of 32% for a 5% false-positive rate. Combinations of angiogenic factors such as the sFLT-1:PlGF ratio with aspects of history or ultrasound findings to create multifactorial predictive tools are promising but not currently in wide usage. For example the Fetal Medicine Foundation predictive algorithm at 11-13 weeks gestation, 26 which uses a combination of maternal characteristics, mean arterial pressure, uterine artery pulsatility index, PAPP-A and PlGF detects 95 and 46% of women with early and late pre-eclampsia, respectively with a false-positive rate of 10%. 27 Application of prediction algorithms in specific subgroups such as women with antiphospholipid syndrome and systemic lupus erythematosus may be more successful due to the increased baseline risk of adverse pregnancy outcome and potentially greater importance Figure 2 . Circulating PlGF concentrations gradually increase during pregnancy to reach a peak at~30 weeks gestation. In pre-eclampsia PlGF concentrations are comparatively lower throughout pregnancy. Placental expression of PlGF dominates from the second trimester of pregnancy, coinciding with non-branching angiogenesis of feto-placental vessels and maturation of the utero-placental circulation. Placental growth factor may contribute to trophoblast invasion, increase trophoblast proliferation and reduce apoptosis.
of angiogenic factors in the pathogenesis of disease in these patients. 28 The utility of PlGF and other angiogenic factors VEGF, and sFLT-1 in prediction pre-eclampsia is likely limited by the heterogeneity of pathology that underlies the spectrum of clinical presentation of pre-eclampsia. Affected women range from those with early-onset disease and severe intrauterine growth restriction to others with mild symptoms presenting at term. Early, severe disease appears to be more strongly associated with abnormal placentation and abnormalities in angiogenic factors are more pronounced in these patients. Persistently low levels of PlGF throughout pregnancy and abnormal sFLT-1: PlGF ratio identifies a subset of women with an early and more severe presentation of the disease. The use of angiogenic factors may be in categorising pre-eclamptic patients to allow more directed research specific to subtypes of pre-eclampsia.
In women suspected of having pre-eclampsia, but not yet meeting diagnostic criteria, the sFLT-1: PlGF ratio or plasma PlGF alone is useful as a 'rule out' test with a high negative predictive value. Maternal plasma PlGF less than the 5th centile for gestation at the time of presentation performed better than a 5 factor combination of commonly used clinical parameters (systolic and diastolic blood pressure, alanine transferase, uric acid and dipstick proteinuria) (ROC area 0.87 vs 0.70 P o 0.001) in diagnosing women with pre-eclampsia requiring delivery within 2 weeks. 29 The sensitivity of low PlGF was highest for the delivery of a small for gestational age infant, further supporting the observation that low PlGF reflects placental disease.
Cost-benefit analyses of these tests suggest that angiogenic factor testing will be useful in determining appropriate resource allocation by allowing reduced frequency of observation of women deemed at low risk of developing pre-eclampsia. The sFLT-1: PlGF ratio is also useful for distinguishing patient with preeclampsia from those with conditions that may present similarly such as glomerulonephritis.
TREATMENT OF EXPERIMENTAL MODELS OF PRE-ECLAMPSIA WITH PLGF
The clinical presentation of pre-eclampsia is a consequence of widespread endothelial dysfunction triggered in part by excess sFLT-1. Binding of local VEGF by sFLT-1 in tissues with high expression of VEGF such as the kidney and liver appears to be responsible for the clinical signs such as proteinuria and raised transaminases. While decreased circulating PlGF does not appear to directly contribute to the clinical syndrome, supplementation of PlGF to correct the angiogenic balance and act as a ligand for excess sFLT-1 has been considered as a possible treatment avenue. Similarly, restoration of the angiogenic factor imbalance by removal of sFLT-1 by apheresis has been attempted with promising results. 30 There are currently four reports of PlGF treatment in experimental models of pre-eclampsia. Two different rodent models have been successfully treated with exogenous PlGF. Suzuki et al. 31 established experimental pre-eclampsia by transfection of mice with an adenovirus to increase sFLT-1. Mouse PlGF-2 was given intraperitoneally for two days, which resulted in the reduction of hypertension but not proteinuria. Spradley et al. 32 and Zhu et al 33 used a rat reduced uterine placental perfusion (RUPP) model, which is shown to result in an increase sFLT-1. Spradley et al. administered recombinant human PlGF (rhPlGF) by continuous infusion via an intraperitoneal osmotic pump. This reduced blood pressure, proteinuria and improved glomerular filtration rate in addition to reducing markers of oxidative stress. sFLT-1 levels also decreased significantly. Zhu et al. infused rhPlGF both intravenously and via subcutaneously resulting in blood pressure reduction. Similarly, in a non-human primate uteroplacental ischemic model of pre-eclampsia, the administration of rhPLGF reduced blood pressure and proteinuria. 34 The concentration of PlGF decreases in non-human primates with uteroplacental ischaemia but sFLT-1 levels remained elevated in animals that were administered PlGF despite improvement of clinical signs. The conflicting changes in sFLT-1 levels in the RUPP model in rodents as compared with the UPI model in non-human primates may result from differences in ELISA specificity. Commercial kits may measure free sFLT-1 or sFLT-1 bound to VEGF or PlGF. The mouse sFLT-1 kit used by Spradley et al. measures free sFLT-1, suggesting that rhPlGF binds with sFLT-1 and reduces free circulating sFLT-1. 32 A direct effect of PlGF upon placental or extra-placental release of sFLT-1 remains a possibility.
Pravastatin has been demonstrated to increase PlGF in a lentivirus human sFLT-1 transfected mouse model. 35 There was reduction in blood pressure and placental and foetal weights normalised. 35 This may be because of the increase in PlGF; however, pravastatin also has been shown to dampen inflammatory cytokines TNF-α and IL-1 and reduce vascular reactivity which may also account for this observation. At least two clinical trials are currently underway to determine the utility of pravastatin in pre-eclampsia prevention: 'Statins to ameliorate early-onset preeclampsia' (www.controlled-trials.com ISRCTN23410175) and 'Pravastatin for prevention of preeclampsia' (www.ClinicalTrials. gov NCT01717586).
FUTURE DIRECTIONS
Treatment of pre-eclampsia with PlGF is promising but many uncertainties remain. The delicate balance of anti-and proangiogenic factors, presumably pathological in the case of preeclampsia, may still be significantly disrupted by exogenous PlGF. Although low PlGF concentrations have been identified in women who subsequently develop pre-eclampsia, the normal range of PlGF is wide in healthy pregnant women making interpretation individual cases difficult. The concentration to which PlGF should be restored for individual patients is also uncertain. Timing and duration of exposure to exogenous PlGF for treatment is also important given the usual decline in PlGF concentrations during normal pregnancy.
Off target effects of PlGF are of concern as the VEGFR-1 receptor is present in many tissues. However, as PlGF does not bind to VEGFR-2, it is likely that any unintended effects will not be as significant as compared with VEGF, which causes hypotension and increased vascular permeability mediated by VEGFR-2. Although high circulating PlGF present during pregnancy (as compared to in the non-pregnant state) does not appear to cause abnormalities in other tissues, peripheral administration of PlGF may have untoward effects such as promotion of inflammation and malignancy. A concern would be the effect of this molecule upon the foetus as transgenic mice with PlGF overexpression in T cells displayed impaired angiogenesis, resulting in death during gestation and growth restriction even after birth.
